Oxidative stress is believed to be an important factor in the development of age-related diseases, and studies in lower organisms have established links between oxidative stress tolerance and longevity. We have hypothesized that aging is associated with a reduced ability to mount acute host defenses to oxidant injury, which increases the vulnerability of aged cells to stress. We tested this hypothesis by using primary hepatocytes from young (4-6 months) and aged (24-26 months) rats. Old hepatocytes were more sensitive to H 2 O 2 -induced apoptosis than were young cells. Lower survival was associated with reduced activations of extracellular signal-regulated kinase (ERK) and Akt kinase, both of which protect against oxidant injury. That reduced ERK and Akt activities contribute to lower survival of aged cells was supported by additional findings. First, pharmacologic inhibition of ERK and Akt activation in young cells markedly increased their sensitivity to H 2 O 2 . Second, caloric restriction, which increases rodent life span and delays the onset of many age-related declines in physiologic function, prevented loss in ERK and Akt activation by H 2 O 2 and enhanced survival of old hepatocytes to levels similar to those of young cells. Strategies aimed at boosting these host responses to acute oxidant injury could have significant anti-aging benefits.
longevity have been shown to result in enhanced tolerance to acute environmental insults such as heat stress, radiation, and free radical generators (6) (7) (8) (9) (10) (11) . Similarly, approaches capable of increasing resistance to oxidative stress, such as transgenic expression of antioxidant proteins or treatment with antioxidant mimetics, in some instances lead to increased life span (12) (13) (14) . In contrast, mutations associated with reduced longevity have been linked to reduced stress tolerance (15) . Such findings argue strongly that our ability to respond appropriately to acute environmental stresses is likely to be a key factor in combating age-related declines in physiologic function. There is much anecdotal support for the notion that mammalian aging is associated with a reduced ability to cope with environmental stresses, but experimental evidence linking a decline in stress tolerance to alterations in specific pathways known to be involved in regulating stress responsiveness at the cellular level is lacking.
Direct exposure of cells to oxidants as well as other treatments known to cause a rise in intracellular reactive oxygen species (ROS) results in the rapid activation of multiple signaling cascades that ultimately dictate the outcome (1) . Certain pathways tend to favor cell survival, whereas others promote cell death. In particular, we have shown that activation of both the extracellular signal-regulated kinase (ERK) and phosphoinositide 3-kinase (PI3-K)/Akt signaling pathways contributes to survival of cells following their treatment with H 2 O 2 (16, 17) . ERK and Akt are best known for their high activation in response to growth factor stimulation where they play important roles in regulating cell proliferation and preventing apoptosis (18, 19) . Oxidants similarly use growth factor receptor-mediated signaling pathways in order to activate ERK and Akt (16, 17, 20, 21) . For example, treatment of various cell types with the broad-spectrum growth factor antagonist suramin has been shown to block H 2 O 2 -induced ERK activation (16) , and selective inhibitors of epidermal growth factor (EGF) receptor phosphorylation largely prevent activation of Akt by H 2 O 2 (17) .
Numerous studies have demonstrated that the proliferative capacity of cells declines with aging (22) . For example, EGF-stimulated DNA synthesis in primary hepatocytes from aged rats is markedly lower than that seen in similarly treated cells from young adult rats, and we have demonstrated that this is associated with an age-related reduction in EGF-stimulated ERK activation (23) (24) (25) . Given this information, as well as our knowledge of the specific roles of ERK and Akt in promoting cell survival during oxidant injury, we investigated the importance of these kinases in regulating survival of young and aged hepatocytes exposed to oxidant injury. Taken together, our findings reported here indicate that aging results in a decline in the ability of cells to mount important host defense responses to oxidative stress, thus increasing their vulnerability to acute stress. Strategies aimed at boosting these acute responses to stress could have significant anti-aging benefits.
MATERIALS AND METHODS

Animals
Male Fischer 344 rats, 4 to 26 months old, were obtained from the National Institute on Aging Contract Colonies at Harlan Sprague Dawley (Indianapolist, IN). They were maintained on a 12 h light/dark cycle in a controlled environment with water supplied at all times. Ad libitum fed animals were offered unlimited quantities of regular NIH-31 pelleted diet; the calorie-restricted rats received a pelleted enriched NIH-31 diet equal to 60% of the average daily intake of the ad libitum-fed rats. These treatment conditions were approved by the Gerontology Research Center Animal Use and Care Committee (Protocol #NJH-058-Ra/Mi) and are in accordance with the National Institutes of Health guidelines for care and use of laboratory animals. 
Materials
Primary hepatocyte culture and treatment
We isolated rat hepatocytes by using liver perfusion medium (cat.#17701-038) and liver digest medium (cat.#17703-034) from Gibco Life Technologies (Rockville, MD). The isolated cells were seeded onto Biocoat Collagen I cellware (Becton Dickinson Labware, Bedford, MA) in William's E medium supplemented with 5% fetal bovine serum, 1 µM dexamethasone, 10 µg/L insulin, 2 mM L-glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin for 2 h in 5% CO 2 at 37ûC to allow attachment to the dishes. The medium was then replaced with serum-free William's E medium plus the above supplements, and cells were cultured for an additional 16 h before treatment. This procedure results in less than 5% contamination with nonhepatocyte cells. Cultured hepatocytes were treated with various concentrations of H 2 O 2 for the indicated times. H 2 O 2 was prepared freshly from a concentrated stock solution.
Cell viability
Cell viability was evaluated by trypan blue dye exclusion. Briefly, cell suspensions were mixed with an equal volume of 0.4% trypan blue, and the percentage of viable cells (those excluding trypan blue relative to the total number of cells present) was determined by counting with a Hemacytometer.
Detection of DNA fragmentation
Cells were washed three times with PBS, after which DNA was extracted with the Apoptotic DNA Ladder Kit (Roche Molecular Biochemicals, Mannheim, Germany). All procedures were performed according to the manufacturer's protocol. The extracted DNA was electrophoresed in a 1.2% agarose gel, after which the gel was stained with ethidium bromide, and the DNA visualized with a UV transilluminator.
Western blot analysis
For Western blot analysis, total cell lysates were prepared and 50 to 100 µg of protein was sizefractionated by electrophoresis through 10% polyacrylamide gels in the presence of sodium dodecyl sulfate (Bio Whittaker Molecular Applications, Rockland, ME). The size-separated proteins were then transferred onto polyvinylidene difluoride membranes (Millipore, Bedford, MA) and immunoblot analysis was performed by using the appropriate antibodies. Specific proteins were detected with the enhanced chemiluminescence (ECL) system (Amersham Pharmacia Biotech). Before reprobing, blots were stripped with a buffer containing 50 mM TrisHCl, pH 6.8; 2% SDS; and 0.1 M of β-mercaptoethanol.
Statistical analysis
All values are expressed as means ± SD. Statistical analysis was performed by using a one-way ANOVA. Differences between individual age or treatment groups were evaluated using the unpaired two-tailed Student's t-test.
RESULTS
Aged hepatocytes display reduced tolerance to oxidative stress
To determine the effect of donor age on susceptibility of primary rat hepatocytes to toxic effects of H 2 O 2 , we exposed cells derived from young (4-6 mo), middle-aged (12-14 mo), and old (24-26 mo) male Fischer 344 rats to various amounts of H 2 O 2 . Twenty-four hours later we evaluated them for viability by using trypan blue dye exclusion. Although no cytotoxicity was evident with concentrations at or below 100 µM, higher concentrations of H 2 O 2 (300-1,000 µM) led to cell death in a dose-dependent manner (Fig. 1A ). Young and middle-aged hepatocytes did not differ in their susceptibility to H 2 O 2 treatment, but old hepatocytes were much more sensitive to the oxidant. With higher concentrations of H 2 O 2 , cells exhibited morphological features consistent with apoptosis, including shrinkage, membrane blebbing, nuclear condensation, and DNA fragmentation. Consistent with the viability assays, significant DNA laddering was apparent at 300 µM H 2 O 2 in old cells, but not until 600 µM in young hepatocytes (Fig. 1B) .
H 2 O 2 -induced ERK and Akt activation in young and old hepatocytes
ERK and Akt can be activated in response to oxidative stress, and in certain situations they have been shown to favor cell survival (16, 17, 26, 27) . The activation of these kinases is dependent on their phosphorylation, hence, phospho-specific antibodies can be used to assess their relative activities. To investigate the possibility that differential activation of ERK and Akt might account for the age-related differences in the tolerance of hepatocytes to oxidative stress, we examined their phosphorylation in young and old cells subjected to H 2 O 2 treatment. ERK phosphorylation occurred in a time-and concentration-dependent manner with maximum activation seen between 0.5 and 1hr after addition of H 2 O 2 in both young and old hepatocytes (Fig. 2) . However, the extent of activation was significantly greater (up to threefold greater) in young cells compared with old cells. ERK2 protein amounts did not differ between young and old cells and did not change with treatment. Phosphorylation of MEK1/2, the upstream activator of ERK, was also evaluated. Consistent with the age-related decline in ERK activation, phosphorylation/activation of MEK1/2 by H 2 O 2 was also reduced in old cells.
Akt also underwent time and concentration-dependent phosphorylation in response to H 2 O 2 treatment in young cells (Fig. 3) . Maximum activation was achieved within 30 min of treatment and with a concentration of 600 µM H 2 O 2 in both young and old cells. However, as seen for ERK, the magnitude of Akt activation was significantly reduced in aged hepatocytes compared to that seen in young cells.
We also examined the activities of c-Jun N-terminal kinase and p38. c-Jun N-terminal kinase activity, assessed using an immunocomplex kinase assay (17) , was similar in young and old cells and showed little change with H 2 O 2 treatment (results not shown). Using a phospho-specific antibody to monitor p38 activation we observed no p38 phosphorylation in response to H 2 O 2 treatment in either young or old hepatocytes (data not shown).
Inhibition of ERK and Akt activities reduces survival of H 2 O 2 -treated hepatocytes
To determine whether ERK activation is important for survival of H 2 O 2 -treated hepatocytes we prevented it by treatment of cells with an inhibitor of MEK1/2, PD98059. Pretreatment of cells with 20 µM PD98059 completely inhibited ERK activation by H 2 O 2 in both young and old hepatocytes (Fig. 4A) , and significantly increased cell death (Fig. 4B) . The influence of the inhibitor on survival was greater in young cells (where in the absence of the inhibitor, ERK activation was greater and survival better) than in old cells, consistent with the notion that activation of the ERK pathway is important for survival.
Next, we investigated whether Akt activation was important for survival of H 2 O 2 -treated hepatocytes. We have shown previously that activation of Akt following H 2 O 2 treatment occurs independent of the ERK pathway, but relies on activation of PI3-kinase (17) . Therefore, LY294002, a selective inhibitor of PI3-kinase, was used to prevent Akt activation. Pretreatment of hepatocytes with 50 µM LY294002 completely prevented activation of Akt by H 2 O 2 ( Fig. 4A ) and sensitized cells to killing by the oxidant (Fig. 4B ). As seen above for the ERK pathway, the consequences of inhibiting Akt activity were more profound in young cells than in old cells. Finally, the combined effect of these ERK and Akt pathway inhibitors on survival of H 2 O 2 -treated hepatocytes was greater than that of either inhibitor alone, indicating that the pathways act via distinct mechanisms to promote survival. The negative effect of inhibiting ERK and Akt on survival of H 2 O 2 -treated cells was also evident by DNA fragmentation analysis, where the extent of DNA laddering was enhanced in the presence of the inhibitors (Fig. 4B lower panel) .
Caloric restriction prevents the age-related loss in ERK and Akt activities and reduction in tolerance to acute oxidant insult
Caloric restriction enhances longevity in many different animal species, and prevents the accumulation of oxidative damage in mammalian cells (4, 5) . Therefore, we investigated whether caloric restriction would prevent the age-related loss in responsiveness of hepatocytes to oxidative stress. As shown in Figure 5 , caloric restriction did not alter the response to H 2 O 2 treatment in young cells. However, hepatocytes derived from old long-term calorie-restricted rats exhibited higher activation of ERK and Akt in response to H 2 O 2 exposure compared with their ad libitum fed counterparts (Fig. 5A) , and as shown in Figure 5B , also displayed enhanced survival following treatment with the oxidant relative to age-matched ad libitum fed rats (Fig.  5B) .
DISCUSSION
For cells living in an aerobic environment, exposure to ROS is continuous and unavoidable. Several studies have suggested that aging is associated with an increase in basal levels of intracellular ROS and accumulation of oxidative damage to various cell molecules is believed to play an important role in the aging process (1-4, 28) . In mammalian cells, acute oxidant injury triggers the activation of multiple signaling pathways, some of which play an important role in protecting cells against deleterious effects of ROS and promoting survival. We have hypothesized that, in addition to accumulations in oxidative damage, aging is also associated with a reduced ability to mount appropriate host defenses to oxidant injury and this, in turn, leads to increased vulnerability of aged cells to the insult. Up to now, direct experimental support for the above hypothesis has been lacking. The findings described here with hepatocytes derived from young, aged and calorie-restricted aged rats provide strong evidence in favor of our hypothesis. That is, compared with young cells, old cells do indeed show diminished activation of two pro-survival kinases, ERK and Akt, in response to H 2 O 2 treatment, and this is correlated with greater sensitivity to oxidant exposure. That the diminished activities of these pro-survival pathways contribute to the aged cell's reduced tolerance to oxidative stress, is supported by two additional findings: 1) inhibition of these activities in young cells results in their increased sensitivity to H 2 O 2 (to a level similar to that observed in old cells); and 2) caloric restriction, which increases longevity and inhibits the onset of many age-related deficits in physiological function (4, 5) , prevents the age-related decline in the activation of these stress response pathways and increases survival of old cells following oxidant injury. These findings are summarized in Figure 6 .
It has been reported that aged rat hepatocytes exhibit reduced induction of heat shock protein 70 (HSP70) in response to heat stress, and that this can be prevented by caloric restriction (29) . Although HSP70 has been shown to play an important adaptive role in cells exposed to heat stress and can confer thermotolerance in many different model systems, the physiologic significance of the age-related decline in HSP70 expression in hepatocytes has not been addressed. More recently caloric restriction was shown to improve thermotolerance of in vivo heat-stressed rats, an effect correlated with elevated expression of the antioxidant enzymes catalase and superoxide dismutase following heat stress (30) . ROS levels were likewise shown to be lower in the livers of calorie-restricted old rats relative to their ad libitum fed counterparts, suggesting that oxidative stress is an important component of cellular injury occurring following heat stress and that caloric restriction prevents it through enhancement of antioxidant functions. We have reported that ERK activation following heat stress is also diminished as a function of age in primary hepatocytes (31) . It is interesting to speculate that this kinase might play a role in regulating expression of catalase and superoxide dismutase in response to heat stress and thereby influence anti-oxidant function.
As previously mentioned, several studies have suggested that aging is associated with an increase in basal levels of intracellular ROS (28) . It is thus possible that the greater susceptibility of aged hepatocytes to exogenous oxidant treatment reflects a dosage effect being due to a higher accumulation of ROS. If this were true, however, one would expect to see a shift in the doseresponse relationships for activation of the ERK and Akt kinases in aged cells relative to young cells, with lower concentrations leading to higher induction in old cells. We did not see such a shift in the dose-response relationships. Only the magnitude of activation differed with respect to host donor age, being higher in hepatocytes derived from young animals. Thus, the lower survival of old cells more likely reflects diminished activities of ERK and Akt target proteins.
In C. elegans, yeast, and Drosophila, homologues of Akt and/or upstream kinases in the pathway appear to play a role in regulating longevity (6, 7, 32) . However, in these organisms, it is suppression rather than activation of the pathway that favors longevity and enhances stress resistance. Exactly how the pathway exerts its negative influence on lifespan and stress resistance in these lower organisms remains to be determined, but at least in the worm it is believed to occur by suppressing the activity of the transcription factor, forkhead (33) . It is not yet clear how to reconcile the seemingly opposing biologic consequences of Akt activation in mammalian cells.
The cause for the age-related decline in ERK and Akt activation in response to oxidative insults remains to be determined. One possibility is that time-dependent accumulation of oxidative damage itself contributes to alterations in key signaling components involved in initiating the responses. This is consistent with the ability of caloric restriction to prevent the age-associated decline. What then are the key signaling components that might be altered with age? Previous studies from our laboratory and others have indicated that signaling pathways important for promoting survival during oxidant injury are intimately linked to those involved in regulating proliferation. Specifically, we and others have demonstrated a central role for the EGF receptor in transmitting signals generated by oxidants leading to ERK and Akt activation (17, 20, 21, 32) . ERK activation in response to EGF stimulation is also reduced in aged hepatocytes, and we and others have provided evidence that this is associated with an unstable interaction between the EGF receptor and Shc adaptor proteins, which are required for Ras activation (25, 33) . It is possible that a similar defect is responsible for the reduced activation of Akt by stress. It is interesting to speculate that this may involve age-related modifications in the membrane environment in which the growth factor receptors reside. The importance of the membrane milieu in facilitating interactions between receptors and various regulatory molecules involved in signal transduction processes is becoming increasing clear. In any event, our current and previous findings suggest that common or overlapping mechanisms are likely to contribute to two seemingly disparate hallmarks of aging, a reduction in proliferative capacity and reduced tolerance to stress. Better understanding of these processes could lead to strategies to prevent or delay the onset of age-related declines in their functions and enhance our ability to withstand acute environmental insults. Hepatocytes derived from young and old, ad libitum (AL)-fed and calorie-restricted (CR) rats were compared for their responsiveness to 600 µM H 2 O 2 treatment. A) ERK and Akt phosphorylations were monitored by Western blot analysis by using the respective phospho-specific antibodies. ERK was examined 60 min after treatment; Akt, 30 min posttreatment. B) Cell survival was determined 24 h after H 2 O 2 treatment by using trypan blue dye exclusion to quantitate viable cells. For statistical analysis, all treatment groups were compared with young AL rats. *Denotes significant difference (P<0.05) comparing young and old AL rats. Note that old CR do not differ significantly from young AL rats. 
